Calculations of chemical structures and photofading of parabens (PHB-4 hydroxybenzoic acid), which are p-hydroxybenzoic acid alkyl esters were performed. These compounds are used as preservatives for the substances used in cosmetics. The reactivity of these derivatives with an oxidant-singlet oxygen-have been tested with a theoretical method of frontier orbitals. All-valence molecular orbital methods, AM1 and PM3, have been used to calculate frontier electron density for higher occupied HOMO and lower unoccupied LUMO orbitals, which might be sensitive to an electrophilic (with singleton oxygen atom 1 O 2 ) or nucleophilic ( 2 O •− superoxide anion radical) attack at a particular atom in a molecule. Using AM1
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and electron density distributions. The obtained superdelocalisability rates allow you to explain the fastness values in different chemical molecules.
The structure of parabens (PHB) was optimized by MM+, DM, AM1 or PM3, to achieve constant energy values at a convergence criterion of 0.01 kcal/mol. The performed calculations indicate that the electrophilic oxidation reaction should take place in the aromatic ring in the 2-position to the hydroxyl residue of PHB, whereas the superoxide radical reaction occurs mainly on the alkyl residues of the ester group. The reaction may take place according to superoxide mechanism or 1,2-addition, where the higher superdelocalisability values S N are located on neighboring atoms in aromatic systems.
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Introduction
Parabens are the esters of para-hydroxybenzoic acid and they are the most common preservatives in use due to their efficacy and safety; their relatively non-irritating, non-sensitizing characteristics. Parabens are added to cosmetics, foods and pharmaceutical products. They are antifungal and antibacterial; more active against Gram-positive than Gram-negative bacteria. The synergy between esters has been reported and it is very profitable to use their combinations. The mechanism of antibacterial properties of parabens has not been fully explained. Probably, they are inhibitors of the nucleic acid synthesis of DNA and RNA or inhibit enzymes necessary for the proper functioning of bacterial cells such as ATP and phosphotransferase. The photostability of the chemicals is dependent on many factors, including the chemical structure of the molecules that determined the reactivity of the excited states as a result of the action of light [1] [2] [3] [4] . Till now, there was no research on light fastness of the paraben group of the p-hydroxybenzoic acid (PHB) ester derivatives, used as conservatives for cosmetics. Their protective effect is related to their oxidation, which is quicker than the oxidation of a given chemical compound which it is protecting. The reaction rate depends on the length of the aliphatic chain of the ester residue.
Understanding the effect that substituents have on the parabens lightfastness has a significant meaning or their appropriate applications and skin hazard as regards the products of decomposition of cosmetics.
Molecular orbital calculations can provide an insight into the process of parabens fading in the presence of light depending on their electronic properties [5] . Numerous studies have been done to predict the addition of singlet oxygen e.g. in dyes containing azo moieties [6] [7] [8] .
The frontal orbitals theory suggests that the atoms in the primary HOMO state of high electron density are susceptible to the electrophilic attack of the singlet oxygen atom [1] . The reliability of the results obtained in this way has been confirmed during numerous tests on organic dyes [9] . The local reactivity indices are useful tools for predicting the most likely reaction sites [10] . Superdelocalisability In our research, we focused on the use of AM1 and PM3 MO to calculate the probable site of an electrophilic or nucleophilic attack on a compound molecule.
The mechanism of oxidation reaction with singlet oxygen of C=C bonds with MINDO/3 method has been described by Dewar and Thiele [14] et al. [1] [8]
[11]. In the most frequently performed MO analysis of dye properties, it is assumed that the molecules are in the gaseous phase. In line with the frontal orbitals theory, only the interactions between the HOMO of the paraben and the LUMO of the oxidant [15] are included in the analysis.
We have calculated electron density of frontal orbitals in the ground HOMO state and excited LUMO state of the oxidant.
The appropriate measure to determine the activity of singlet oxygen in the electrophilic reaction or a radical in a nucleophilic reaction is the frontier charge density (Q f ) for highest occupied molecular orbital HOMO and for lowest unoccupied molecular orbital LUMO [7] . f is the frontier electron density of the electrophilic reaction on the r-atom, while m and n are the positions of atoms in the double bond [9] .
However, electrophilic or nucleophilic reaction on the corresponding aliphatic chain or on aromatic ring is more likely [16] .
It is believed that the attack of the electrophilic agent occurs when the energy difference ∆E between the LUMO energy of singlet oxygen and HOMO is less than 6 eV [6] .
The electron density of the ground HOMO state allows to predict the site of the electrophilic attack, while LUMO-the site of nucleophilic attack [7] [11].
Experimental Molecular Orbital Calculations
The structure of the tested compounds has been optimized with MM+, DM and AM1 or PM3 (Table 1 and Table 2) , to obtain constant energy value. All MO calculations were carried out using HyperChem v. 
Results and Discussion
In our research we have analyzed photochemical decomposition of ester derivatives of p-hydroxybenzoic acid at the formula [17] : Figure 1 a graphical presentation of calculation results of chosen PHB derivatives-P1 and P5 is shown, to illustrate differences in the oxidation mechanism of a photochemical decomposition. The analysis of superdelocalisability changes in the P1 compound done using AM1 and PM3 suggest the mechanism of electrophilic oxidation reaction according to 5-addition and should lead to the decomposition of the aromatic ring. The side chain of ester group does not take part in this reaction. Nucleophilic reactions should occur primarily in positions 4-, 5-. In AM1 method, positions 2-and 4-have similar reactivity.
Results
The theoretical methods are a significant contribution to understanding the physiochemical properties of compounds. In this paper, we have tried to investigate the photochemical distribution of parabens with quantum-chemical calculations, allowing deeper insight into the process itself. The calculation methods have been previously described. The parameters for theoretical calculations are frontier electron densities of HOMO and LUMO orbitals [7] [18] .
A theoretical study of photofading processes has been very widely used in the analysis of organic dyes degradation, due to their common practical application; the purpose of the study was the identification and root cause analysis for the toxicity of their degradation products [19] [20] .
In our analysis, we focused on the determination of prospective attack sites of 
Analysis by AM1 Method
The analysis indicates that the most reactive sites are carbon atoms in position 5-of the aromatic ring (exception of P2) and their reactivity is dependent on the length of the aliphatic chain in ester residue. The reactivity of position 5-in an electrophilic reaction can be ranked as follows:
The carbon atom C 5 has highest value S E as compared to other atoms, where the difference decreases with the length of the aliphatic chain. The longer the chain the lower the value and the higher the probability of reaction in the ali- In nucleophilic oxidation the most important are the alkyl residues of the ester group and the reaction should occur in the first place on the methyl group -CH 3 , closing the aliphatic chain. The exception is compound P1, where the methyl group is directly linked to ester residue -COO-. This results in a significant reduction in its electron density in the excited state of LUMO.
Exceptions to the above are P1 and P2, where the reaction should occur on the PHB phenyl ring. The sites of the highest S H value are in general carbon positions C 11 -C 31 (see formula) in an aliphatic chain, and they are methyl residues -CH 3 , similarly as in the nucleophilic reaction. In the aromatic ring, carbons C 1 and C 4 are characterized by high reactivity, however it is not high enough for the reaction to occur on these carbon atoms. In P1 and P2 significant S N values are observed on neighboring carbon atoms in the PHB ring (C 4 , C 5 in P1 and C 1 , C 2 in P2) which can lead to the degradation of the aromatic ring by 1,2-addition (Diels-Alder reaction) [7] [22] . Such reaction mechanism is most probable for P1. The PPh derivatives are characterized by low reactivity; the reaction should occur on carbon atom C 1 , whereas similar S N values have carbon atoms C 21 and C 23 , where the differences as compared to C 1 are respectively, 5.3% and 6.9% and the reaction should occur through the formation of superoxides. Similarly to the electrophilic reaction, the reactivity of P1 and PPh derivatives is low; it is difficult to subject them to nucleophilic oxidation reaction with a superoxide radical 2 O •− . In the remaining derivatives, the oxidation reaction would occur or the methyl group on the aliphatic chain of the ester residue.
Analysis by PM3 Method
The results of calculations made by PM3 indicate a similar electrophilic reaction mechanism S E as described for AM1. High electron density of the basic HOMO by AM1. The reaction mechanism probably takes place by the stadium of peroxide derivatives [16] . In the nucleophilic oxidation by superoxide radical 2 O
•− the reaction rate may be ranked in the following order (S N ):
PPh > P5 > P2 > P1 > P4 > P3 > P6 However, the conclusions to these calculations are not entirely clear. This reaction may occur in both methyl residues -CH 3 (P2, P4) and methylene residues -CH 2 -(P5, P6) of the aliphatic chain of the ester residue. The reaction mechanism is similar to the one proposed in AM1, i.e. through the superoxide intermediate reaction stage [16] . The exceptions would be P1 reactions, where one should expect 1,2-addition to the PHB phenyl ring [7] [22] . High superdelocalisability coefficients are in atoms C 1 and C 2 and this reaction direction should be privileged. In PPh these coefficients are high for C 1 , C 3 and C 5 . The characteristic feature of the PM3 calculations for all derivatives are high reactivity coefficients of carbon atoms C 1 and C 4 , which makes them different from AM1 calculations. However they do not determine the direction of reaction, which according to the proposed order is mainly on the alkyl ester residue.
Conclusions
The ease of oxidation is determined by the energy difference ∆E of the highest occupied molecule orbital (E HOMO ) the lowest unoccupied molecule orbital (E LUMO ) of singlet oxygen 1 O 2 .
This difference indicates that the tested compounds are easily subject to photofading, since the ∆E values are lower than the minimal energy value for oxidation which is ca. 6 eV [1] [3] . They are 3.651 -3.675 eV (AM1) and 3.829 -3.638 eV (PM3) when E LUMO 1 O 2 = 5.860 eV [3] . Hence ∆E are 3.217 ÷ 3.239 eV (AM1) and 3.640 -3.831 eV (PM3), including values calculated with quantum-chemical methods AM1 and PM3. In each case ∆E are lower than the reaction energy frontier values = 6 eV.
Among the analyzed compounds, commercial use has been found for P3, P4, P5, PPh. The analysis shows that similar preserving properties may also be found in derivatives of P2 (AM1, electrophilic and nucleophilic reactions) and P6 (AM1, electrophilic reaction), while oxidation should occur also on atom C 5 of the aromatic ring of the P6 derivative, while in P2 the methyl group of ester residue is most reactive. It is also the most reactive of all tested derivatives S E ≅ 0.0514 to S E ≅ 0.0495 in other derivatives on atom in the PHB aromatic ring. The most probable oxidation mechanism includes the attack of singleton oxygen ( 1 O 2 ) on the molecule of the compound and the formation of superoxide derivatives. In the course of the reaction, epoxide derivatives may form [16] . Alicyclic superoxide may form temporarily, which after dehydration gives unsaturated ketone or may be reduced to allyl alcohol.
The reaction mechanism has not yet been thoroughly explained so far. Chemical compounds that generate singlet oxygen 
K. Wojciechowski, L. Szuster
Among the tested PHB derivatives P1 is not recommended for practical use, as its photochemical decomposition may lead to the danger of methyl alcohol formation. Besides, the performed analysis shows that it does not have the highest antioxidant properties (worse is only PPh in the electrophilic reaction) in the tested group of derivatives.
Both AM1 and PM3 methods in many points show similar most probable sites of electrophilic or nucleophilic attack on the PHB molecule. In the electrophilic reaction, it will be the PHB aromatic ring, in the nucleophilic one-the alkyl group in the ester residue.
The results and conclusions of these studies, initiated by a research on organic dyes, may help explain the mechanism of photofading of parabens used as conservatives in cosmetics. Understanding the mechanism of their photodegradation will help to improve the process of their more accurate selection to protect the chemical compounds that remain in direct contact with the skin.
The calculations show that the method of predicting the properties and correlations with calculated values of electron density and energy of ground HOMO and excited LUMO states … etc. has a range of limitations. However, they enable deeper insight into the reaction of photochemical decomposition reaction and can be used to test different compounds.
